The paper presents the climatic analysis of a naturally ventilated geodesic-type dome building situated in a hot climate. A comprehensive review of the literature was conducted to provide an overview of previous related research on dome-type roofs buildings. The two-floor geodesic dome building assessed in this study was based on a 3v Icosahedron type and had a roof vent for natural ventilation. The airflow and temperature distributions inside the building were simulated using Computational Fluid Dynamics (CFD) modelling with the standard k-epsilon turbulence model. The computational modelling was verified using sensitivity analysis and flux balance analysis. Validation was carried out by using a similar dome-shaped building model from the literature. The atmospheric boundary layer (ABL) flow was simulated in the computational domain for a more realistic predictions of wind conditions. The thermal comfort level was assessed using the Predicted Mean Vote (PMV) method. The results showed that integration of the roof vents was advantageous and could reduce the indoor temperature and also introduce fresh air particularly during winter. The results also revealed that natural ventilation using roof vents could not satisfy the thermal requirements during summer periods and potential cooling solutions that could be integrated into the system are discussed.
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Introduction
The building sector is responsible for up to 40% of the annual global energy consumption and contributes up to 50% of the emissions (Calautit and Hughes, 2014; Jomehzadeh et al., 2017) ;
hence reducing the energy use in this sector should be a priority for achieving the carbon emission reduction target. A large percentage of the building consumption comes from mechanical systems for heating, ventilation and air conditioning (HVAC). The air conditioning energy demand in the hot and arid cities such as Yazd can be as high as 80% during the summer season (Dabaieh et al., 2015) . There has been a massive growth in the use of AC due to the increased demand for optimum indoor thermal comfort. Hence, lots of research has been focused on investigating passive strategies to reach the optimum combination of low energy and natural climatic control for buildings while active systems can become supplementary aids.
A passive cooling strategy is a building design method that focuses on controlling heat gain and dissipating heat to improve the indoor comfort with low energy systems or techniques (Hughes et al., 2012; Nejat et al., 2016b; O'Connor et al., 2017) . A technique to minimise heat gains is by reducing the building surface area to volume ratio. For example, a building with a spherical shape will be more energy efficient than a typical cubic building with a similar volume in terms of heating and cooling requirements. According to (Passe and Battaglia, 2015) , a dome-shaped building have 30% less surface area than a similar size box building which should result in lower heat transfer to and from its surroundings.
Dome roofs were used in traditional buildings in hot-arid regions such as the Middle East and the Mediterranean basin (see Figure 1 ) and played an important role in reducing roof heat gain and providing passive cooling in buildings. The initial reason for its use was the shortage of timber in the region (Bahadori and Haghighat, 1985) . Several works have highlighted the capabilities of domed structures in keeping indoors cooler during the hot season and also lowering cooling loads. It reduces solar heat gains by lowering the exposed surface area to direct solar radiation (Marsh, 2006) . Thermal comfort and energy efficiency can be improved by applying masonry thermal mass such as stone and adobe (Passe and Battaglia, 2015) .
Increased height of the interior allows rising warm air to be trapped at higher levels, which improves occupant comfort level in the lower zone (Fathy, 1986) . A domed roof with an air vent at the top allows for the warm air to be exhausted (stack ventilation) and draw cool fresh air channelled into the space from small peripheral openings at lower levels (Levant, 2004) . In addition to its thermal advantages, it also has other benefits such as structural advantages (selfsupporting arch and vault) and and availability of the construction materials (adobe, stone).
Figure1. Traditional buildings with dome roofs Pexels, 2017) In the late 1940s, the geodesic dome, which is a spherical form, comprised of a complex network of triangles or polygonal facets was developed by R. Buckminster Fuller. As the triangles network becomes more complex, the dome gets closer to the shape of a true sphere.
Compared with masonry domes, where the stresses are distributed in arches, the geodesic dome distributes the stresses within the structure itself (Fathy, 1986) . As compared a to flat roof building, a dome-shaped building provides larger interior space free from columns and also requires less building materials (Hogan, 2015) . Figure 2 shows examples of modern geodesic domes.
Figure 2. Example of modern geodesic dome buildings 
Literature Review
This section provides an overview of previous works on the analysis of dome and curve type roofs/structures using different methods such as experimental, analytical and numerical modelling. Bahadori and Haghighat (1985) conducted analytical modelling of the natural ventilation in buildings with dome roofs. Comparison with flat roofs showed that the dome roofs had higher air flow rate through the building. The work highlighted that the mean radiant temperature can be reduced substantially by dampening and evaporative cooling the internal surfaces, which can be accomplished by spraying water on the surfaces. Tang et al. (2006) developed a finite element model to study the thermal performance of nonair-conditioned buildings with curved and flat roofs. The results highlighted that vault roof buildings had lower indoor air temperatures as compared to those with a flat roof, because such roofs dissipate more heat than a flat roof by convection and thermal radiation at night due to the enlarged curved surfaces. Moreover, a favourable thermal condition inside the vaulted roof building can be achieved with the half rim angle more than 50 degrees. Lin et al. (2008) estimated the heating energy requirements of a dome-covered building using a transient three-dimensional thermal and airflow model. The proposed model was verified with simulation results from a CFD model developed using COMSOL Multiphysics and also with measurement data. Based on the results, the annual heating load of the dome building was 62.6% lower than the benchmark (uninsulated building). Asfour and Gadi (2008) conducted CFD analysis of vaulted and domed roofs for improving natural ventilation performance. The study focused on optimising the airflow rate and the quality of internal airflow distribution. The effect of parameters including form of the building, area and porosity of the vault, and wind velocity and direction were assessed. The results
showed that utilisation of vaulted roofs improved ventilation conditions in the upstream and central zones of the building, but not in the downstream zone. It was found that the dome was more effective in inducing air in the case of 0° wind direction, and square building form while the vault has been found to be more effective in the case of 90° wind direction. showed that the maximum value of CP was observed at the lowest point of the dome facing the wind while the lowest CP was measured at the apex when the openings and the hole were all closed.
Lo and Kanda (2012) investigated the characteristics of wind pressure on the surface of dome roofs using wind tunnel testing. Two types of roof shapes and three heights of side walls were considered in the analysis. Positive wind pressure coefficients were measured in the windward area which was affected mostly by approaching wind. A thin shear boundary layer was formed along the roof surface and negative wind pressures were measured in the apex region and leeward region. Khoshab and Dehghan (2014) employed CFD modelling to investigate the thermal behavior of the ventilated cavity with a domed roof under various operating condition. The geometry was based on a passively cooled reservoir. The dome roof prevents solar radiation heat gain in the summer and protects the water storage system from the hot outside environment. The work focused on studying the effect of Reynolds, Grashof numbers and inflow non-dimensional temperature on the airflow and thermal patterns. This study will investigate the airflow and thermal distribution in an isolated geodesic dome building with a roof vent located in a hot climate using CFD simulations based on a steady
Reynolds-Averaged Navier-Stokes (RANS) model. The impact of the roof vent and overall building shape on the natural ventilation and thermal comfort performance will be assessed in different climatic scenarios. The work will also focus on the modelling of outdoor conditions by simulating a realistic urban wind flow. The boundary conditions will be specified according to Architectural Institute of Japan (AIJ) guidelines for CFD simulation of urban wind flows.
Sensitivity analysis of the grid resolutions will be conducted to verify the CFD method. In order to validate the modelling, additional simulation of a similar domed-roof building will be carried out for comparison.
Numerical Modelling
ANSYS Fluent commercial software was used to perform 3D Reynolds-Averaged Navier-Stokes (RANS) simulations based on control volume technique and the Semi-Implicit Method for Pressure-Linked Equations (SIMPLE) coupling algorithm with the second-order upwind discretisation (Chung, 2002) . The standard k-epsilon was used as the turbulence model. The use of the standard k-e model to assess natural ventilation flows in buildings has been found to be suitable (Calautit et al., 2013a; Calautit et al., 2013b; Hughes et al., 2012) . The governing equations for the momentum, continuity, energy and species equations and its derivations are not included here but can be found in the ANSYS15 Fluent theory guide (ANSYS, 2015) .
CAD modelling and domain generation
Geodesic domes can be classified into six different forms; 1-Icosahedron, 2-Octahedron 3-Cube, 4-Cuboctahedron, 5-Truncated Octahedron and 6-Rhombicuboctahedron. Icosahedron is the basic form for most geodesic domes, which is categorised into different types named by v suffix, which is the number of subdivisions of the original triangle in the icosahedron (Mueller, 2013) . Figure 3 shows an example of an Icosahedron dome. More subdivision of the geodesic dome makes it smoother and more complex. In this study, a 3v Icosahedron dome building was generated using computer-aided design (CAD) modeller as displayed in Figure 4 . The two-floor dome building had a total height of 9.06 metres, based floor area of 143m 2 and volume of and medium mesh results for the velocity was 5.72%, with the maximum error at 9% (measured at 3.8m) equivalent to ±0.018 m/s. In order to have a balance between computational speed and accuracy, the medium mesh was employed in this study.
Boundary condition settings
Boundary conditions were set using the guidelines proposed by the Architectural Institute of Japan (AIJ) for practical applications of CFD modelling to urban wind environment around buildings (Tominaga, 2008; Nejat et al., 2016a; Aquino et al., 2017) . it has a hot desert climate (BWh) (Kottek et al., 2006) . Figure 6 shows the average monthly temperature and typical vertical wind velocity profile (Mostafaeipour, 2010) in Yazd which were imposed at the inlet of the domain (see Figure 5a ) to simulate various outdoor conditions. The outlet of the domain was set as zero static pressure. The sides and top of the domain were set as symmetry boundary condition, indicating zero normal velocity and zero gradients for all the variables at these boundaries (Sofotasiou et al., 2016) . The standard wall functions were applied to the wall boundaries except for the ground, which had its wall functions adjusted for roughness. All surfaces were modelled as adiabatic except for the heat source. In order to 
Assessing solution convergence
The convergence of the iterative CFD analysis was assessed by monitoring the residual values, solution imbalance and quantities of interest. The default convergence criterion in FLUENT requires the residuals to decrease to 10 -3 for all the equations except for energy for which the criterion is 10 -6 . However, this criterion does not apply to all type of simulations and integrated quantities (airflow velocity in different locations) were monitored instead and the iteration process was continued until there was no/minimal difference between iterations. Furthermore, the conservation of properties (mass flux balance) was also achieved. The mass flux balance was below the required value and all other equations respectively.
Validation of modelling method
A similar dome shape building model (Rahmatmand et al., 2014) 
Results and Discussion

Ventilation and thermal analysis
In order to better analyse the effect of the geodesic dome geometry on the flow pattern around and inside the building, contours of the static pressure and velocity vector in the vertical center plane are shown in Figure 8 . To evaluate the basic ventilation performance of the roof vent, wind direction was fixed at 0° and other openings were assumed to be sealed off. As observed, the wind enters from the left velocity-inlet wall and moves toward the right pressure outlet wall.
When the wind passed through the building, it induced a positive pressure on the windward side (maximum 1.5Pa), negative pressure on the leeward side (-0.8Pa) and top of the roof vent (minimum of -3Pa). This can be effectively utilised by locating windows in the lower levels to allow the air to flow through windward openings into the building to the low-pressure openings at the leeward face and roof vents. To illustrate the flow field, velocity distribution contours as well as velocity streamlines in the vertical centre plane are plotted in Figure 9 . The velocity profile in front of the building was not affected significantly, and it follows the distribution of the Atmospheric Boundary Layer flow profile. As the wind passed through the building, the flow split and was diverted into several streams -one flow path rise over the building and two go around it. The fourth moved downward along the windward side, eventually met the ground and then moved back upstream forming a reverse flow. A complex flow structure occurred behind the building due to its specific shape, one large vortex was observed in the building's leeward side. As discussed previously, opening windows in the building on the windward and leeward side will force airflow through the building because of the pressure difference between the openings. Furthermore, air movement can also be generated in the building due to the natural tendency of warm air to rise (known as thermal buoyancy effect) and significant height of the dome. By placing openings in both the upper (roof vent) and lower levels of the geodesic dome, warm air is allowed to rise out of the upper part of the building and draw fresh and cooler air into the lower levels of the building. As observed in 
Climatic analysis
In order to study wind flow and thermal characteristics, 18 different points at 1.2m and 4.2m height were located inside the building for airflow velocity and temperature measurement. The annual variation of average airflow velocity in various points in the building is shown in Figure   11 and 12. As observed, the average velocity (point1-9) in both floors reached its maximum (0.11m/s) in July and the lowest average velocity (0.048m/s) was recorded in November and
December. For the upper floor, the minimum average velocity was measured at point 3 (0.05m/s) and the maximum average velocity was measured at point 8 (0.17m/s). For the lower floor, the minimum average velocity was at point 5 (0.05m/s) and the highest average velocity was at point 9 (average=0.12m/s). Also in the lower floor, higher air speed was observed for the right corner points than the left points (1, 4 and 7) for this particular ventilation configuration and wind direction. On average, the airflow velocity in the upper floor was 28% higher than the lower floor. Overall, an irregular indoor airflow distribution was observed for both upper and lower floor which will have an effect on the thermal comfort levels of the occupant and will be discussed in the following sections. 
Thermal comfort analysis
Thermal comfort expresses the occupants' satisfaction with a building's thermal environment.
Several models or indices have been established to predict thermal sensation and comfort and the most common of these are the Predicted Mean Vote (PMV) and Physiologically Equivalent Temperature (PET) (ISO, 2005 , Shahzad et al, 2017 . The PMV predicts the average value of the votes of a group of occupants exposed to the similar thermal environment. It is expressed by the ASHRAE thermal sensation scale: +3 hot, +2 warm, +1 slightly warm, 0 neutral, −1 slightly cool, −2 cool and −3 cold (ASHRAE, 2013 radiant temperature, relative humidity, clothing and metabolic rate. In this study, the CFD temperature, velocity, humidity results were used to determine thermal comfort indices and assess acceptability of environmental conditions.
Metabolic rate for the occupants and clothing insulation were assumed as standard values (see Table 1 ). Equations and derivations of the PMV are available in (ASHRAE, 2013) . Figure 15 compares the PMV contours in the lower and upper floor when the outdoor temperature was at 14˚C (winter month). As observed, the PMV values in the lower floor were all in the warm-cool range (-0.83 to 0.70) while the upper floor were in the comfort-slightly cool range (-0.85 to -1.67). The combination of high air movement and colder temperature in the upper floor resulted in discomfort (avg. 42% predicted percentage dissatisfied PPD) while the lower floor was in the comfort zone (5% PPD). A significant difference in comfort level was observed between both floors which was due to the roof vents mainly ventilating the upper space. Therefore, a control strategy for the roof vent and other openings must be implemented to optimise the comfort levels in both floors. For each month, results are tabulated (Table 2) to show the environmental factors, clothing, metabolic rate and the thermal sensation PMV (predicted mean vote). As observed, during the summer months the average PMV were all above 3 (Hot) and clearly the roof vent natural ventilation would not satisfy the thermal requirements during these periods.
This issue can be addressed by integrating other low energy cooling strategies such as evaporative cooling (Calautit, et al., 2013c) , heat pipes (Chaudhry et al., 2016) , phase change material (Akeiber et al., 2016) wind speed and temperature were based on typical local conditions. For more realistic wind conditions, the atmospheric boundary layer (ABL) flow profile was simulated. Grid sensitivity analysis and flux balance-analysis were utilised to verify the computational modelling. Validation was also carried out by using a similar dome shape building model from the literature. Overall, the numerical code was capable of accurately simulating the wind flow conditions around a domed-roof building and was therefore employed in this study. The results showed that using the roof vents was advantageous and could reduce the indoor temperature and also introduce fresh air particularly during winter periods. The dome shape roof vents had a significant impact on the internal conditions creating swirling flows in the upper floor, which also resulted in uneven ventilation and thermal distribution between upper and lower floor. On average, the airflow velocity in the upper floor was 28% higher than the lower floor. Overall, irregular indoor airflow distribution was observed for both upper and lower floor which had an effect on the thermal comfort levels of the occupants. Therefore, a control strategy for the roof vent must be implemented to to optimise the indoor velocity and temperature. Although the roof vent was capable of supplying fresh air into the building, it was observed that it did not effectively exhaust the warm air out of the space.The roof vent acted like an air curtain limiting the stale air or contaminants from exiting the indoor space. Lower openings must be utilised to address this and take advantage of the natural ventilation strategy. Furthermore, adding a divider in the roof vents to have inlet and outlet shafts could improve the ventilation strategy. The results also showed that natural ventilation using roof vent could not satisfy thermal requirements during hot summer periods and mechanical or evaporative cooling is required. To maximise the savings of active cooling and enhance the natural ventilation performance during the summer months, adequate amount of thermal mass with night cooling strategy could be one potential approach.
It is also important to note that the limitation of this work is it did not consider the influence of nearby buildings and wind angles which are recommended for future research. Potential of integrating low energy cooling methods such as evaporative-cooling and PCMs should be investigated.
